1. Introduction {#sec0005}
===============

Coronaviruses (CoVs) are enveloped, positive-stranded RNA viruses containing a genome of ∼30 kb and four structural proteins, namely, spike (S), envelope (E), membrane (M) and nucleocapsid (N) ([@bib0280]). The S protein regulates virus attachment to the receptor of the target host cell ([@bib0030]); the E protein functions to assemble the virions and acts as an ion channel ([@bib0255]); the M protein, along with the E protein, plays a role in virus assembly and is involved in biosynthesis of new virus particles ([@bib0230]); and the N protein forms the ribonucleoprotein complex with the virus RNA ([@bib0250]). The N protein is a multifunctional structural protein with distinct characteristics like enhancing transcription of the virus genome, associating with other proteins (M protein) during virion assembly, and inducing toxicity to the host cell by disrupting various cell activities ([@bib0020]; [@bib0215]). The N protein is the most conserved and stable protein among the CoV structural proteins; whereas, the S protein undergoes several drastic changes during virus infection. For instance, its large parts are cleaved during infection by cellular proteases and expose the receptors to activate viral attachment to the host (Fiscus, 1987; [@bib0330], [@bib0335]; [@bib0210]; [@bib0110]). Additionally, the S protein is prone to mutations, especially in the amino acids associated with the spike protein-cell receptor interface, in order to overcome host immunity ([@bib0325]; [@bib0290]). In an interesting study, the N gene of the CoV was found to be more effective for evaluating the codon usage bias than the S gene ([@bib0005]). Studies reported that the N protein produced from prokaryotes has been used to generate specific antibodies against various animal coronaviruses including SARS ([@bib0200]; [@bib0305]; [@bib0330], [@bib0335]; [@bib0025]). The recombinant antigenic N protein from hCoV OC43 used against the rabbit polyclonal antibodies specific for hCoV OC43 and did not crossreact with other coronaviruses (SARS CoV and hCoV 229E) ([@bib0190]). Moreover, it was tested in different aged human serum samples and exhibited strong reactivity due to the effective central portion (174--300 amino acids) of the N protein followed by C (301--448) & N (1--173) terminal portions ([@bib0185]; [@bib0340]; [@bib0190]). Hence the N protein functions as a sensitive and specific diagnostic tool for hCoV OC43 ([@bib0085]; [@bib0125]) and it has been further useful in the detection of SARS CoV infection (after the first day of infection) ([@bib0045]). A similar study on SARS CoV N protein reported immunodominant regions N1 (1--422 amino acids) and N3 (110--422 amino acids) produced specific antigens in BALB/C mice and it reacted with the serum of SARS patients hence it can be used as effective SARS DNA vaccine ([@bib0100]). The N protein of CoV expressed in recombinant raccoon poxvirus revealed an efficient vaccine against feline infectious peritonitis virus infection when administered subcutaneously ([@bib0315]).

It is essential to investigate viral gene structures and compositions at the codon or nucleotide level to disclose the mechanisms of virus-host relationships and virus evolution ([@bib0010]; [@bib0310]). There are 20 amino acids encoded by 61 codons which means that an amino acid could be coded by more than one codon. These alternative codons, up to 6 codons per amino acid, are known as synonymous codons ([@bib0220]). During gene to protein translation process, some synonymous codons are preferred over others. This is known as codon bias or codon usage bias. Viral genes and genomes exhibit varying numbers of synonymous codons depending on the host ([@bib0195]). Additionally, codon usage in a virus is influenced by selection pressure and compositional constraints determined by the virus-host system ([@bib0170]). Selective forces act on the gene sequences which maintain the codon bias and gene evolution ([@bib0130]; [@bib0260]; [@bib0265]). Codon bias helpful in the analyzing the horizontal gene transfer as the key evolutionary force to study the molecular evolution of the genes ([@bib0090]; [@bib0235]; [@bib0320]). Codon bias occurs during protein expression and it will be same in an organism's genes when there is a similar tRNA content ([@bib0145]) Codon bias influences the function of the protein and its translation efficiency ([@bib0035]; [@bib0295]).

The aim of this study was to carry out a comprehensive analysis of various characteristics, of the N genes of 13 different CoVs, including preferred nucleotides, preferred codons, codon bias, and preferred synonymous codon usage, and to provide an understanding of the codon patterns of these viruses in relation to their hosts and genome evolution.

2. Materials and methods {#sec0010}
========================

2.1. Gene data collection and analytical programs {#sec0015}
-------------------------------------------------

The N genes of 13 different CoV species, viz., Porcine epidemic diarrhea CoV (pedCoV) (171), Middle East respiratory syndrome-CoV (MERS CoV) (265), Infectious bronchitis CoV (ibCoV) (279), Camel alpha CoV (cCoV) (31), Porcine delta CoV (dCoV) (74), Transmissible gastroenteritis CoV (tgCoV) (69), Human CoV 229E (hCoV 229E) (34), Bovine CoV (bvCoV) (49), Bat CoV (bCoV) (34), Human CoV HKU1 (hCoV HKU1) (36), Canine CoV (caCoV) (40), Feline CoV (fCoV) (40) and Human CoV OC43 (hCoV OC43) (112) were used in this study. The coding sequences of the N genes along with their accession numbers were obtained from the GenBank database (Supplementary file). [@bib0070] (<https://www.qiagenbioinformatics.com/>) was used to quantify the nucleotide compositions, A + T % and G + C %. The patterns of codon usage and multivariate statistics were assessed using CodonW 1.4.2 (<http://codonw.sourceforge.net//>), ([@bib0240]) and the GraphPad prism software was used for correlation analysis.

2.2. Codon usage characterisation {#sec0020}
---------------------------------

The following parameters of the N gene of each of the CoVs were evaluated to determine the codon bias: the percentage and frequency of each of the four nucleotide bases (A, T, G and C), the G + C base incidences at the starting (GC1) and ending nucleotides (GC3) of the codons, and the number of synonymous codons for each amino acid together with the frequencies of each nucleotide at the 3^rd^ position (A3s, G3s, T3s and C3s).

2.3. Relative synonymous codons usage (RSCU) analysis {#sec0025}
-----------------------------------------------------

RSCU computes the ratios of the expected frequencies of synonymous codon usage by the amino acids against their observed frequencies, assuming that a particular amino acid's synonymous codons were utilized equitably. A value of 1 for a codon in the RSCU table means that the observed frequency of codon usage by the amino acid is equivalent to that of the predictable frequency, or indicating no codon usage bias; whereas, RSCU values of \<1 and \>1 indicate negative and positive codon usage biases, respectively. The formula used to calculate RSCU ([@bib0015]) is:$$RSCUij = \frac{Xij}{\frac{i}{ni}{\sum_{j = 1}^{ni}{xji}}}$$where *X~ij~* denotes an amino acid's observed number of codons used and *ni* stands for the amino acid's overall sum of synonymous codons.

2.4. Analysis of relative dinucleotide frequencies {#sec0030}
--------------------------------------------------

In a gene, the relative dinucleotide frequencies are determined by calculating the ratios of observed to estimated frequencies of the dinucleotides to determine the codon bias. The formula for the calculating the relative frequency of dinucleotides is:where f(*X*) and f(*Y*) are the single nucleotide frequencies and f(*XY*) stands for the observed frequency of dinucleotides.

Relative dinucleotide frequency values of \<0.78 denote under-representation of the dinucleotide usage and values of \>1.23 indicate over-representation ([@bib0055]). The mentioned values represent the relative abundance of dinucleotides compared to a random distribution.

2.5. Determination of effective number of codons (ENc) {#sec0035}
------------------------------------------------------

Codon usage bias in a gene can be effectively measured by determining the ENc. ENc values range from 20-61. Higher ENc values indicate low codon bias in which more synonymous codons are used for the amino acids, while lower ENc values represent high codon bias with low numbers of synonymous codons used for the amino acids. Generally, a gene with a strong codon usage bias has an ENc value of 35 or less.

2.6. Assessment of the effect of mutational pressure on codon usage bias {#sec0040}
------------------------------------------------------------------------

The codon usage bias pattern was analyzed to assess the effective mutational pressure using the ENc plot, in which the GC3 incidence values were plotted against the ENc values ([@bib0135]; [@bib0050]). In ENc plot, the dots represent the individual genes which lie below the curve of expected values subject to mutation pressure. ENc values were interrelated with the mutational pressure which are spread along with the standard curve of GC3 -- ENc relation ([Fig. 1](#fig0005){ref-type="fig"} ) ([@bib0135]; [@bib0275]).Fig. 1ENc Plots of N genes from 13 different CoVs representing the relation between GC3s and Nc frequencies.GC nucleotide frequencies at third positions (GC3s) plotted against the effective number of codons (Nc). GC3s and Nc regression is denoted by a linear dotted line and the solid line represents the relation between GC3s and NcFig. 1

2.7. Assessment of the influence of natural-selection on codon usage bias {#sec0045}
-------------------------------------------------------------------------

Neutrality plot analysis was used to evaluate the bias of codon usage as it influenced by natural-selection, the codon adaptation index, and the indices of aromaticity (AROMO) and hydropathicity (GRAVY) ([@bib0180]). It was plotted with GC1, GC2 against GC3. It estimates the neutrality effect of directional mutation pressure in contrast to selection ([@bib0285]). The three nucleotide positions of a codon GC1, GC2 and GC3 are the observed GC contents and mostly the GC3 position has the equal number of A/T and G/C nucleotides. There will be variation between GC1, GC2 against GC3 regression values due to directional mutational pressure.

2.8. Multivariate or correspondence analysis (COA) {#sec0050}
--------------------------------------------------

COA represents the data geometrically by using RSCU values of the genes ([@bib0115]). COA was performed on the N genes of the CoVs, using the CodonW analytical program to analyze the RSCU values and to compare the intragene variations of codon usage in the amino acids ([@bib0105]; [@bib0245]). Each gene displayed as a 59-dimensional vector (59 synonymous codons represented excluding three stop codons, as well as UGG and AUG encoded by single codon) geometrically shows every codon over 59 orthogonal axes and the variation is projected by the axes ([@bib0300]; [@bib0080]).

3. Results {#sec0055}
==========

3.1. Nucleotide compositions of the CoV N genes {#sec0060}
-----------------------------------------------

Comparative analysis and nucleotide compositions of the N genes of 13 different CoVs revealed the nucleotide A (29.61 %) was the most frequent base and the nucleotide frequencies were A \> T\>G \> C ([Table 1](#tbl0005){ref-type="table"} ). Hence, the viruses used more AT% over GC%. Regardless of nucleotide similarities among the CoVs N genes, the nucleotides at the third position (NT3s) of a codon were observed to have variations which contribute to the codon bias and codon pattern differences. The overall NT3s frequencies were T3s \> A3s \> C3s \> G3s. However, it showed some variations when observed individually by summing the NT3s of each gene in the following order of virus ([Table 1](#tbl0005){ref-type="table"}): tgCoV, fCoV \> pedCoV, caCoV \> cCoV, hCoV 229E \> ibCoV, bvCoV, hCoV HKU1, hCoV OC43 \> MERS CoV, dCoV, bCoV. In NT3s, the T3s nucleotide was the most recurrent one with a frequency of 0.62 and the least recurrent was G3s with a frequency of 0.12 (hCoV HKU1) ([Table 1](#tbl0005){ref-type="table"}).Table 1Nucleotides composition of N gene of 13 CoVs.Table 1Frequencies of nucleotidespedCoVMERS CoVibCoVcCoVdCoVtgCoVhCoV 229EbvCoVbCoVhCoV HKU1caCoVfCoVhCoV OC43Adenine (A)0.300.290.300.300.270.320.280.290.280.290.310.310.29Cytosine (C)0.220.250.190.220.250.190.190.210.250.200.180.200.22Guanine (G)0.240.210.260.210.210.220.210.240.220.180.200.220.24Thymine (T)0.220.230.230.260.250.250.290.240.230.310.290.240.23T3s0.440.450.480.540.390.430.510.460.450.620.440.470.46C3s0.290.270.140.200.290.240.200.230.280.150.220.240.24A3s0.280.320.380.330.300.400.330.310.300.340.390.350.30G3s0.240.170.230.170.230.190.200.230.180.120.200.200.23

3.2. RSCU analysis {#sec0065}
------------------

Codons with RSCU values were categorized into 3 groups: i) RSCU values \<0.6 denote underrepresented codons (negatively biased); ii) values ranging from 0.6 to 1.6 constitute represented codons (with no bias); and iii) the values \>1.6 indicate over-represented codons (positively biased). A3s and T3s were the most recurrent nucleotides in the represented (preferred) codons and C3s and G3s were the least frequent in overall studied viruses ([Table 2](#tbl0010){ref-type="table"} ). Eighteen amino acids (90 %) were observed with varied codon preferences (Phe, Leu, Ile, Val, Ser, Pro, Thr, Ala, Tyr, His, Gln, Asn, Lys, Asp, Glu, Cys, Arg, Gly) ([Table 2](#tbl0010){ref-type="table"}). There were eight overrepresented amino acids (Leu, Ser, Pro, Thr, Ala, Tyr, Cys, Arg). Their corresponding codon values are represented in bold with shaded cells in [Table 2](#tbl0010){ref-type="table"}.Table 2Various CoVs representing RSCU values.Table 2![](fx1_lrg.gif)\
![](fx2_lrg.gif)[^1]

The amino acid Leu overbiased with CUU codon in all the genes except in hCoV HKU1 where it overbiased with UUA. The amino acid Ser overrepresented with UCU in all except UCA in ibCoV and bCoV. The overbiased codon for the amino acid Pro was CCA in MERS CoV and IbCoV, while in others it was CCU. The amino acid Thr over preferred ACU codon in all the genes except ibCoV and caCoV where its preferred ACA. The amino acid Ala highly overbiased with GCU codon in 12 genes while it favored ACA in IbCoV. Similarly, the amino acid Tyr encoded with UAC in MERS CoV while it overrepresented UAU in hCoV HKU1; Cys amino acid overbiased with UGC in pedCoV but UGU in other genes; Arg amino acid preferred CGU codon in pedCoV and CCoV while AGA dominated in others. Overall, among the NT3s of overrepresented or over biased codons, A3s and T3s dominated over C3s and G3s while in negative biased or underrepresented NT3s the order was G3s \> C3s \> A3s \> T3s.

3.3. ENc and ENc plot {#sec0070}
---------------------

Generally, the values of ENc fall in-between 20--61. As the codon number decreases for a particular amino acid, it results in decrease of ENc value indicating higher codon bias. Conversely, increase in codon number corresponds with less or little codon bias for an amino acid. The ENc values for all the studied CoVs ranged from 40.43 to 53.85 ([Table 3](#tbl0015){ref-type="table"} ). Generally, the estimated average ENc values of RNA viruses span from 38.9 to 58.3 ([@bib0135]). High ENc values suggest that the CoVs genes are highly conserved along with effective replication, whereas the lowest ENc value i.e. 20 reflects codon usage with extreme bias (one amino acid is coded by a single codon). Our study observed 18 amino acids having different synonymous codons. Furthermore, the RNA viruses usually consist of high ENc values which help it in replication and host adaption with preferred codons.Table 3Codon Usage Indices of various CoVs.Table 3pedCoVMERS CoVibCoVcCoVdCoVtgCoVhCoV 229EbvCoVbCoVhCoV HKU1caCoVfCoVhCoV OC43ENc53.8549.5348.8445.8453.650.7446.9551.1450.3240.4349.8250.8653.85GC3s0.420.360.290.290.420.340.310.370.380.220.330.340.38GC0.460.470.450.430.470.410.420.460.480.390.400.430.46GRAVY−1.07−0.86−1.01−0.89−0.45−0.87−0.57−0.82−0.84−0.84−0.43−1.02−0.86AROMO0.060.070.070.060.080.080.070.080.070.100.100.080.08

An ENc plot is useful in analyzing mutational pressure and compositional constraints on codon usage and the compositional bias denoted by the points on the standard curve of ENc and GCs relation. Other forces influencing mutational bias are defined by the points beneath the standard curve. In all the viruses, all points were located below the standard curve, hence suggesting that codon usage bias was influenced by compositional constraints and other factors like virus host interactions and natural selection may influence codon bias.

Correlation values ranged from r = 0.0005 (fCoV) to 0.924 (bvCoV) as shown in [Fig. 1](#fig0005){ref-type="fig"}. Significance levels were attained in various correlation analyses presented in a supplementary data file. The correlation between GC3s and ENc of ibCoV, tgCoV and bvCoV had a high significance (*P* \< 0.001) revealing mutational bias influence along with extra codon usage bias. Whereas the rest of the CoVs did not yield significant correlations reflecting less influence of compositional constraints.

3.4. Neutrality plot {#sec0075}
--------------------

Neutrality plot analyze the neutrality of evolution by evaluating the impact of selection and mutation on codon usage bias. The significant correlation of GC3s and GC1,2 s was achieved through random selection when the genes lie on the slope of unity and then the particular gene is said to be under neutral mutation. The directional mutation pressure on codon usage occurs as the slope moves towards the x-axis. GC1, 2 s were plotted against GC3s and the slope implies the motion at which the mutation and selection forces evolved. The coefficient of regression denotes the equilibrium coefficient of mutation selection as shown in [Fig. 2](#fig0010){ref-type="fig"} .Fig. 2Neutrality Plots of N genes from 13 different CoVs.The GC nucleotide base frequencies at the third positions (GC3s) were plotted against the GC frequencies of first and second positions (GC)Fig. 2

The correlation analyses showed a very high correlation in pedCoV followed by MERS CoV, dCoV, bCoV and fCoV with *r* values 0.81, 0.68, -0.47, 0.98, and 0.58 respectively. The used N gene sequences for pedCoV were obtained from a broad range of timescale covering from March 2007 to August 2017. In contrast, MERS CoV N gene sequences were from July 2014 to January 2018. This might have reflected on the rate of compositional variations and adaptation to the host. Therefore, pedCoV showed more attempts to adapt the host by changing its genomic composition. Since MERS CoV is still considered as the emerging virus, its genomic composition is still evolving and its host adaptation is still a matter of debate. Three of the viruses showed moderate or medium correlation i.e. cCoV, hCoV 229E and caCoV with the following *r* values: 0.35, -0.41 and -0.5 (negative correlation). The slopes of regression ranged from -0.8954 to 0.5891 in all the studied viruses represented in [Fig. 2](#fig0010){ref-type="fig"}. Therefore, this reveals the directional mutational pressure and neutrality influenced them. The supplementary data file includes the AROMO and GRAVY analyses which revealed moderate correlations among the studied CoVs N genes and their varying significance levels likely due to ENc, GC3s, GC variations. Thus, we can infer the codon usage influences from aromaticity and hydropathicity.

4. Discussion {#sec0080}
=============

Computational approaches are linked with most of the research studies including genomic analyses, evolution and drug discovery etc. ([@bib0155], [@bib0160]; [@bib0165]). In the present work we assessed N gene of different CoVs with various factors such as natural selection, mutational selection and others to determine the codon bias and codon usage indices which regulate virion assembly and transcription of viral RNA in CoVs. The nucleotide contents revealed higher AT% and low GC% as it is common in RNA viruses such as Severe Acute Respiratory Syndrome (SARS) ([@bib0135]; [@bib0120]; [@bib0350]). The ENc values \>35 indicates the slight codon bias due to mutation pressure or nucleotide compositional constraints. This suggests that the RNA viruses with high ENc values adapt to the host with various preferred codons ([@bib0135]). The positively biased or represented codons of the present study are similar to the two other studies on MERS CoV proteases and pandemic influenza virus (H1N1 and in H3N2) ([@bib0180]; [@bib0150]). In zika virus and tembusu virus codon usage was driven by the mutation bias ([@bib0075]; [@bib0345]) while in Parvoviridae and pedCoV it was dominated by selection pressure ([@bib0270]; [@bib0060]). Some of the viruses observed with the codon bias related to their hosts during their adaptation ([@bib0040]; [@bib0010]; [@bib0065]; [@bib0175]; [@bib0205]; [@bib0225]). Studies directed at the conserved regions of viral proteins are useful for developing diagnostic reagents and probes for detecting a range of viruses and isolates in one test and for vaccine development ([@bib0095]; [@bib0140]). In view of the lower mutation rates and relatively conserved sequences of the coronavirus (CoV) N gene, it would be ideal for studying these genes as an intermediary step in the development of vaccines and diagnostics for these viruses. The present study aids in the understanding of different factors influencing the variations of the N gene among various CoVs and their relationships with their hosts.
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[^1]: The values in bold are preferred codons for respective amino acids. The cells with negative biased values have a diagonal line. Over biased codon values are displayed in bold with shaded cells.
